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I. INTRODUCTION
Synthetic hydroxyapatite [HA; Ca 10 (PO 4 ) 6 (OH) 2 ] has been extensively used as an implant material, because of its similarity with human bone composition and thereby its ability to form a strong bond to the human hard tissue. However, synthetic HA presents poor thermal stability. On the other hand, fluorapatite [FA; Ca 10 (PO 4 ) 6 F 2 )] exhibits lower dissolution rate and high thermal stability by retaining its phase purity up to a temperature of 1400 °C. Further, FA is found to form as an outer layer in tooth enamel [1] . Hence, FA is desirable as an outer layer in tooth enamel, because it is less soluble in acidic solutions (like those produced by oral bacteria or by Diet Coke) than the HA.
Many researchers have addressed the influence of fluorine (F) incorporation within apatite lattice on the biological, mechanical and physicochemical properties of HA such as, thermal stability [2] , solubility [3] , stem cell growth-colonisation [4] , hardness, crystallinity and corrosion resistance [5] - [7] . Thus most of the existed studies focussed on qualitative description of the variations in the properties shown by HA and F-HA. But a certain gap exists in the literatures to quantify the microstructural parameters for better understanding of the observed differences in physicochemical properties of FA compared to HA.
Nanocrystalline HA is expected to have homogeneous resorption and better bioactivity than coarser crystals [8] . Further, the properties shown by nanomaterials are crystallite size dependant. Thus, for complete understanding of nanoscale material properties, the crystallite size and other related microstructural quantities such as dislocation density need to be calculated correctly.
Keeping in mind the need and importance of analytical methods such as X-ray peak profile analysis (XPPA) to estimate the microstructural quantities and to correlate them to the observed material properties, the present work aims at estimating the crystallite size, lattice strain, lattice stress and lattice strain energy density of HA and FA, based on conventional W-H plot by using W-H-ISM, W-H-ASM and W-H-EDM models, thereby correlating them to the differences in the literature reported and presently observed physicochemical properties of nanocrystalline HA and FA.
II. MATERIALS AND METHODS

A. Synthesis and Characterization of HA and FA Nanoparticles
The precursors used and the detailed procedure for the synthesis of HA [9] and FA [10] particles was reported in one of the authors previous study.
The X-ray diffraction (XRD) and transmission electron microscopy (TEM) techniques were employed to study the phase composition, the size and the morphology of as-prepared HA and FA powders. The isolated and preferred high intensity diffraction peaks namely, (002), (102), (202), (311), (222), (213) and (004) were chosen to estimate the microstructural parameters by various models based on W-H plot.
B. In-Vitro Dissolution Study
The dissolution behaviour of the as-prepared HA and FA powder particles was studied by determining the amount of calcium released from each of the samples into the host ambience (4.5 pH medium) by EDTA titrimetric method. 3 . After 72 h the supernatant liquid was collected by micro pipette and centrifuged at 3500 rpm for 15 minutes. 1 ml of 1 N NaOH was added to 10 ml of sample taken in a conical flask. A pinch of ammonium purpurate powder followed by NaOH solution was added to the above solution which ends up the solution with pink colour. This solution in the conical flask was titrated against 0.02 N EDTA solution taken in the burette and the titration reaction was carried out till the colour of the solution changes from pink to purple. The volume of EDTA consumed was noted. The amount of calcium released was determined by the following formulae [11] . Amount of calcium (P) present in the given sample in terms of CaCo The XRD patterns of HA and FA are similar and exhibit several diffraction peaks which can be assigned to hexagonal crystal structure with space group P63/m. In addition, the diffraction peaks are markedly broader suggesting that the prepared powder particles were in nanosize. As compared to the broad X-ray diffraction peaks of HA particles in [ Fig. 1 (a)], the diffraction peaks of FA particles [ Fig. 1 (b) ] are narrow and well separated. It confirms that FA sample is of improved crystallinity and increased crystallite size. The calculated percentage crystallinity of HA and FA are 22 and 50. The improved crystallinity of FA may come from the driving force provided by the high affinity F -groups (compared to OH -groups in the precursor solution) for the apatite crystal growth during precipitation [10] .
B. Determination of Crystallite Size of HA and FA by Scherrer Analysis
The instrumental corrected broadening β hkl [12] corresponding to the diffraction peaks of HA and FA was estimated using the equation
Here the crystallite size value is calculated by using Scherrer"s formula to compare with the values obtained from the W-H models and TEM analysis results. The crystallite sizes D v of HA and FA were estimated from the Scherrer"s equation as given below:
where D v is the volume weighted crystallite size (nm); k is the shape factor (k = 0.9); λ is the wave length of the X-rays (λ = 0.154056 nm for Cu Kα 1 radiation); θ hkl is Bragg diffraction angle (°) and β hkl is the broadening of the hkl diffraction peak measured at half of its maximum intensity (in radians).
C. Estimation of Lattice Strain (ε) and Crystallite Size (Dv) by W-H-ISM
The XPPA by W-H models is a simplified method which clearly differentiates between size induced and strain induced peak broadening by considering the peak width as a function of 2θ [13] . Assuming that the strain present in HA and FA crystals is isotropic, the W-H equation [12] for the total peak broadening is given by cos 4 sin
A plot is drawn for HA and FA by taking Table I .
D. Estimation of Lattice Deformation Stress (σ) and Crystallite Size (Dv) by W-H-ASM
According to Hook"s law, the relation between stress and strain is given by σ = Eε, where E is the modulus of elasticity or Young"s modulus. Assuming a small strain to be present in HA and FA particles, Hook"s law can be applied to estimate the lattice deformation stress to a reasonable approximation. Hence by assuming that the lattice deformation stress is uniform in all crystallographic directions, the strain factor in second term of the equation (3) 
Here E hkl is Young"s modulus in the direction normal to the set of (hkl) crystal lattice planes.
The crystallographic direction dependent Young"s modulus in hexagonal crystals [14] of HA and FA is given by the following equation (5 
Here s 11 Table I .
E. Estimation of Deformation Energy Density and Crystallite Size (Dv) by W-H-EDM
In equation 3, it is considered the homogeneous isotropic nature of the HA and FA crystals which, in many cases, is not fulfilled. Moreover, all the constants of proportionality associated with the stress-strain relation are no longer independent when the lattice strain energy density u is considered. According to Hook"s law The estimated crystallite size and lattice deformation energy density for HA and FA were shown in Table I .
F. Estimation of Dislocation Density (ρ)
Dislocation density is defined as the length of dislocation line per unit volume of the crystal. The dislocation density is calculated for HA and FA using the following relation [16] .
where n, the number of dislocations on each face of the particle, C is the constant depending on the strain distribution, F is an interaction parameter, <e 2 > 1/2 is the root mean squared (RMS) strain, b is the burgers vector and D v is the crystallite size. For Cauchy strain profiles the value of C is about 25, whereas for Gaussian strain profiles it is nearly 4. In the absence of extensive polygonization, dislocation density can be calculated from the above equation (4), by assuming n≈F, b=d, the interplanar spacing and C=4. Now the equation (4) 
The estimated values of the dislocation density are 4.24×10 14 
G. In-Vitro Dissolution Study of HA and FA Particles
The content of Ca released out of HA and FA into the test medium, as determined by EDTA titrimetric method, is 12 mg/l and 8 mg/l respectively for HA and FA. It can be observed that the released Ca content is higher for HA compared to that of FA. This is due to the lower crystallinity, higher internal lattice strain and lower chemical stability of HA. Thus the higher solubility of HA can be attributed to its higher dislocation density compared to that of FA. Higher the dislocation density more is the dissolution rate. The effect of dislocation density on the dissolution behaviour of HA was explained in detail by [17] . Hence, it can be concluded that the HA with a higher dislocation density is more likely to be attacked by the acids on the surface, compared to that of FA. This results in the higher dissolution rate for HA compared to that of FA.
H. TEM Analysis of HA and FA Particles
The bright field transmission electron microscopic images of HA and FA nanoparticles in as-prepared condition were shown in Fig. 3 (a) and (b), respectively. The HA particles were of ellipsoid like morphology and were a bit shorter with more irregular and less clear contour. On the other hand, FA particles were a bit longer than HA particles with rod like morphology and with clear contours and less agglomeration. The sizes of HA and FA nanoparticles were estimated from TEM images by image analysis done with a freely available IMAGE J software. The HA particles exhibited a length of about 45 nm and a width of about 11 nm corresponding to an aspect ratio of about 4. On the other hand the FA particles exhibited a length of about 65 nm and a width of about 13 nm corresponding to an aspect ratio of about 5. However, to correlate the results obtained from various analyses, the sizes of HA and FA obtained from TEM analysis were expressed as (length + width)/2 and were given as 28±5 nm and 39±6 nm (mean ± SD) for HA and FA respectively.
IV. CONCLUSION
XPPA was successfully employed to estimate the microstructural parameters of HA and FA powder particles. There is a good agreement between the crystallite size values obtained by W-H analysis and that obtained by TEM analysis for HA and FA powder particles. Hence, W-H analysis results are more accurate for the estimation of crystallite size, when compared to Scherrer analysis. Therefore it is suggested that the contribution from instrumental effects and lattice strain effect to the X-ray peak broadening need to be considered while calculating the crystallite size value of nanomaterials.
Within the materials elastic limit, the W-H models can be applied to estimate other microstructural parameters such as lattice strain, lattice deformation stress and lattice deformation energy density in a reasonable approximation. The crystallite size and the lattice strain values obtained from the W-H-ISM model for HA and FA can be further extended to estimate the dislocation densities present in the materials with more accuracy. The incorporation of F in the crystal lattice of HA results in higher crystallinity, crystallite size and reduced lattice strain, lattice stress, lattice strain energy density and dissolution rate of FA. V. Muthupandi is a doctorate from Indian Institute of Technology, Madras, India. His research interests are structure property correlation, plasma electrolytic oxidation and corrosion engineering.
A. Chandra Bose is currently working as associate professor in the Department of Physics, National Institute of Technology, Tiruchirappalli, India. His current research interests are in the field of oxide nanomaterials and microplasma for MEMS applications.
N. Ramesh Babu is currently working as assistant professor in the Department of Metallurgical and Materials Engineering, National Institute of Technology, Tiruchirappalli, India. His research interests are in the field of advanced bioceramics, surface modification of metallic implants, nanostructured processing of materials.
